Abstract Gaucher disease, one of the common lysosomal storage disorders, is caused by a deficiency of glucocerebrosidase (GC). We investigated gene transfer using recombinant adeno-associated viral (rAAV) vectors containing human GC cDNA driven by the human elongation factor 1-a promoter. This rAAV vector mediated efficient expression of human GC in human Gaucher fibroblasts. GC activities were increased from 2.8 to 3.4 times in normal fibroblast and from 1.9 to 4.6 times in Gaucher fibroblasts, and these increases in GC activity were maintained over 20 weeks. Intravenous administration of vectors via the hepatic portal vein and tail vein of wild-type mice resulted in efficient transduction into the tissues. GC activities of the liver, spleen, and lung in transduced mice were increased significantly up to two fold at 6 weeks after transduction. Significantly increased GC activities persisted over 20 weeks. Therefore, rAAV vector-mediated gene transfer may provide a therapeutic approach for the treatment of Gaucher disease.
Introduction
Gaucher disease (OMIM 230800, 230900, 231000) is a lysosomal storage disorder in which deficient glucocerebrosidase (D-glucosyl-N-acylsphingosine glucohydrolase, EC 3.2.1.45; GC) activity causes glucocerebroside to accumulate in the lysosomes of cells of the monocyte/ macrophage system, largely in the spleen and liver (Brady et al. 1966; Beutler and Grabowski 2001) . Clinically, patients with Gaucher disease are divided into three major phenotypes: chronic nonneuronopathic (type I), acute neuronopathic (type II), and chronic neuronopathic (type III), based on symptoms of the nervous system as well as the severity and age of disease onset (Brady et al. 1993) .
Enzyme replacement therapy (ERT) is now the standard treatment for Gaucher disease (Kornfeld and Mellman 1989; Barton et al. 1990) ; however, it is very expensive to administer biweekly infusions of the recombinant enzyme throughout the life of the patients. Another therapeutic option is to decrease the synthesis of glucosylceramide using inhibitors of ceramide glucosyltransferase (substrate depletion therapy), but this strategy appears to be more toxic and somewhat less effective than ERT (Cox et al. 2000) .
A special feature of the hydrolytic enzymes in lysosomal storage disorders is that they are secreted rather than trafficked directly to lysosomes (von Figura and Hasilik 1986; Dahms et al. 1989 ). However, these secreted enzymes can be recaptured via the mannose-6-phosphate receptors by adjacent and distant cells known as receptor-mediated endocytosis (von Figura and Hasilik 1986; Dahms et al. 1989; Neufeld 1991) . Receptor-mediated endocytosis can be a great advantage for virus vector-mediated gene delivery as well as ERT (Barton et al. 1991; Grabowski et al. 1995) . In virus vector-mediated gene delivery, genecorrected cells could secrete the correct enzyme for adjacent and distant cells, and this mechanism may lower the proportion of target cells that must be corrected to obtain clinical efficacy.
To address the therapeutic efficacy of virus vectormediated gene delivery, we evaluated the use of recombinant adeno-associated virus (rAAV), which has been used extensively as a potential vehicle for gene delivery (Nakai et al. 2000; Wang et al. 2000) . rAAV is a helper-dependent human parvovirus that requires coinfection with an adenovirus or herpesvirus for replication and viral assembly, and it is a singlestranded DNA virus that is nonpathogenic. rAAV is capable of efficient and prolonged transgene expression in both dividing and nondividing cells with no apparent adverse effects.
In this study, rAAV vector was used to transfer GC into human Gaucher fibroblasts and wild-type C57BL/ 6J mice via the hepatic portal vein and tail vein, and the GC expression and biodistribution were analyzed.
Materials and methods

Cell culture
Human fibroblasts were obtained from patients with Gaucher disease after the patients gave informed consent. HEK 293T (human embryonic kidney) cells and fibroblasts derived from patients with Gaucher disease were grown in Dulbecco's modified eagle's medium (Gibco BRL, Grand Island, NY) containing 10% heatinactivated fetal bovine serum at 37°C in a 5% CO 2 incubator.
Construction of rAAV vectors
The adeno-associated virus (AAV) serotype 2-based vector plasmid pAAV-EF-GC-WPRE, which expresses protein under the control of the human elongation factor 1-a promoter, was created as previously described (During et al. 2000) with minor modifications. Fulllength human GC cDNA was subcloned into pAAV-EF-EGFP-WPRE-BGHpoly(A) by substitution with EGFP cDNA. Large-scale production of rAAV-EF-EGFP vector was carried out in an adenovirus-free system by triple transfection of 293T cells with the vector plasmid and two additional plasmids carrying adenoviral helper functions and AAV rep and capsid functions. After 48 h, cells were collected and lysed by freezing and thawing. rAAV-CGA-hAGA vector was purified by CsCl gradient centrifugation as described (Samulski et al. 1989) . The concentration of the viral vector was determined by quantitative PCR by using an ABI 7700 (Perkin-Elmer/Applied Biosystems, Foster City, CA, USA).
Infection of Gaucher fibroblasts and in vivo administration with rAAV vectors GC-deficient fibroblasts derived from patients with Gaucher disease type I, II, and III were transduced with rAAV-EF-GC or rAAV-EF-EGFP and allowed to grow. In vivo experiments were carried out in C57BL/6J mice. All animals were housed in a Korea National Institute of Health mouse facility and were treated according to the Korea Food and Drug Administration and National Institute of Health guidelines for animal care. Sevenweek-old mice were anesthetized with ketamine/xylazine and injected with 1·10 11 particles of rAAV-EF-GC or rAAV-EF-EGFP via the portal or tail vein. The mice were killed at 2, 6, 12, or 20 weeks after injection. The liver, lung, spleen, heart, kidney, brain, stomach, intestine, and bone marrow cells were harvested and stored at À70°C until use. To evaluate liver toxicity, mouse serum was also obtained at day 3 and day 7 and levels of aspartate aminotransferase examined. Histopathological examination was conducted following standard methods. The samples from the mice were embedded in OCT compound and frozen on dry ice. Sections of 7 lm, stained with hematoxylin and eosin (H&E), were examined under an optical microscope (Zeiss, Germany).
Assay of GC activity
Cells and mouse organs were collected and extracted with 50 mM potassium citrate/potassium phosphate (pH 5.6) containing 1.5% Triton X-100. GC activity was assayed using 4.8 mM 4-methylumbelliferyl glucopyranoside (Koch-Light Lab, Bucks, UK) in 50 mM potassium citrate/potassium phosphate (pH 5.6) containing 1.5% sodium taurocholate. After incubation at 37°C for 1 h, the reaction was stopped with 0.4 M NaOH/0.4 M glycine. Fluorescence was determined in a microtiter plate fluorometer. GC activity is expressed as nanomoles of 4 MU released per hour per milligram protein for cellular samples and as nanomoles of 4 MU released per hour per milliliter for medium and reported as units (U). One unit is equal to one nanomole of 4 MU released per hour.
Endocytosis of GC secreted by transduced Gaucher fibroblasts
The uptake of GC by GC-deficient fibroblasts derived from patients with Gaucher disease was determined as previously described (Villani et al. 2002) . Briefly, Gaucher fibroblasts were plated in 10-cm dishes, transduced at 5,000 MOI of rAAV-EF-GC vector, and allowed to grow for 4 days. Conditioned media were collected, filtered, and placed on a second population of untreated Gaucher fibroblasts with or without 5 mM mannose 6-phosphate. After 96 h, recipient cells were harvested, and GC activity was determined.
Immunoblotting
For immunoblotting, transduced and untransduced fibroblasts were homogenized and were centrifuged at 14,000g for 20 min at 4°C. Proteins were separated by 12% SDS-PAGE and transferred onto Hybond membranes (Amersham, Buckinghamshire, UK). The blots were then probed with a rabbit-anti-GC polyclonal antibody followed by secondary antibodies conjugated to horseradish peroxidase (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). The blots were developed using chemiluminescent reagents (ECL, Amersham, Germany).
PCR analysis for detection of viral genome
For detection of genome of rAAV-EF-GC in tissue samples, PCR was performed using 0.1-2 lg of DNA, EF promoter primer (5¢-CGTCCAGGCACCTCGAT-TAGT-3¢), and human GC primer (5¢-GGAACTTCTGTTCTGGCTGC-3¢). Cycling conditions were 94°C for 5 min, 35 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s, and final extension at 72°C for 7 min. To determine the ratios of viral genome per cell, pAAV-EF-GC-WPRE was serially diluted as a standard template.
Results
rAAV-EGFP and rAAV-GC expression and activity in vitro
HEK 293T cell and fibroblasts from patients with Gaucher disease were transduced to test the efficiency of the rAAV-EF-EGFP in vitro before the transduction of rAAV-EF-GC to Gaucher patient fibroblasts and mice. Fluorescent microscopic observations showed highly efficient expression of EGFP in cells transduced after 2 days (data not shown). rAAV-EF-EGFP of 1·10 11 particles transduced 50% of 1·10 7 HEK 293T cells and about 30% of 1·10 6 human fibroblasts. The rAAV-EF-GC vector was introduced into Gaucher fibroblasts. Expression of GC enzymes in Gaucher fibroblasts was evaluated by immunoblotting (Fig. 1) . Over-expression of GC was detected in all the transduced Gaucher fibroblasts, and notably, the increased expression in Gaucher fibroblasts mirrored that in normal fibroblasts.
GC enzyme activity was measured in fibroblasts from all three types of Gaucher disease that were transduced with rAAV-EF-GC at 2, 6, and 12 weeks after transduction (Fig. 2) . Two weeks after transduction, normal fibroblasts transduced with rAAV-GC contained substantially higher levels of GC activity (mean=318.1±6.6 U/mg protein) than control untransduced fibroblasts (mean=113.6±2.1 U/mg protein). In type I Gaucher fibroblasts, transduced cells showed 4.6-fold higher enzyme activity (mean=121.1±0.2 U/mg protein) than untransduced cells (mean=26.4±1.1 U/mg protein). Type II and type III transduced cells showed 7.9-fold and 7.8-fold higher activity, respectively (mean=121.0±3.9 U/mg and 124.9±2.1 U/mg protein) compared with untransduced cells (mean=15.4±0.1 U/mg and 16.1±15.1 U/mg protein). All transduced Gaucher fibroblast showed higher GC activity than untransduced normal fibroblasts at 2 weeks, and this activity persisted for 20 weeks. GC activity was lower in type II Gaucher fibroblasts than in normal fibroblasts at 20 weeks after transduction; however, it was still 5.3-fold higher than in untransduced type II fibroblasts and was 71% of the activity in untransduced normal fibroblasts. rAAV-EF-EGFP viral vector did not show an increase in GC activity (data not shown), and transduction with the rAAV-EF-GC vectors resulted in no cytotoxicity or decrease of cell viability.
Endocytosis of GC secreted by transduced Gaucher fibroblasts by GC-deficient cells
The rAAV-EF-GC vector was introduced into Gaucher fibroblasts. Untreated Gaucher fibroblasts were exposed to conditioned media from transduced Gaucher fibro- Fig. 1 Immunoblotting of glucocerebrosidase (GC) in fibroblasts from a normal subject and patients with Gaucher disease. GC proteins from fibroblasts transduced with rAAV-EF-GC and untransduced fibroblasts were extracted and immunodetected with a rabbit anti-GC antibody. N normal fibroblast, T I type I Gaucher fibroblasts, T II type II Gaucher fibroblasts, T III type III Gaucher fibroblasts, C untransduced fibroblasts, GC fibroblasts transduced with rAAV-EF-GC Fig. 2 Glucocerebrosidase (GC) enzyme activities in Gaucher fibroblasts transduced with rAAV-EF-GC vector. GC activities (mean ± SD, n=3) were expressed as units per milligram of protein for cellular samples. GC enzyme activity was analyzed at 2, 6, and 20 weeks for fibroblasts from all three Gaucher disease types and for normal fibroblasts. Dotted line shows GC activity of untransduced normal fibroblasts. N normal fibroblasts, T I type I Gaucher fibroblasts, T II type II Gaucher fibroblasts, T III type III Gaucher fibroblasts blasts. Transduced normal fibroblast in the presence of conditioned media exhibited a GC activity (348.6±2.3 U/mg protein) 3.1 times that found in untransduced cells (113.6±16.3 U/mg protein). The endocytosis of GC was inhibited 53% of uptake by the addition of 5 mM mannose 6-phosphate (223.4±1.3 U/ mg protein) suggesting that the secreted enzyme was transferred to recipient fibroblasts via mannose 6-phosphate receptors. In case of type I Gaucher fibroblast, GC activity of fibroblasts cultured in conditioned media was 2.7 times (124.6±15.2 U/mg protein) that of untransduced cells. In type II and type III, GC activities of fibroblasts cultured in conditioned media were 4.3 times (77.1±17.9 U/mg protein) and 5.5 times (87.8±1.1 U/mg protein) that of untransduced cells, respectively (Fig. 3) .
In vivo expression of GC after hepatic portal vein and tail vein delivery of the virus To demonstrate a therapeutic effect of rAAV, rAAV-EF-GC was injected intravenously into wild-type C57BL/6J mice via the portal vein and tail vein. In all mice, no gross abnormalities were noted in any internal organ or at the injection site. Their behavior did not differ from that of untreated mice. No lymphocytic infiltration or other sign of inflammation was seen in any of the organs examined by inspection of H&E-stained sections (data not shown).
To determine the distribution of the rAAV-EF-GC vector, we isolated DNA from various tissues of mice 6 weeks after transduction with rAAV-EF-GC and determined the viral sequence using PCR. Viral sequences were detected in the liver and spleen after portal vein infusion (Fig. 4a ) and the liver, spleen, heart, lung, kidney, and stomach after tail vein infusion (Fig. 4b) . The ratio between the number of viral genome copies and cell numbers was calculated according to plasmid standard. After portal vein infusion, the ratio was approximately one copy per 10 2 hepatocytes. After tail vein infusion, the ratio ranged from one copy per 10 2 cells (liver), 10 3 cells (spleen and heart) and 10 4 cells (lung, kidney, and stomach). These ratios are in good agreement with GC activities at 6 weeks after infusion.
GC activity was determined in mouse serum and tissues at 2, 6, 12, and 20 weeks after infusion of rAAV-EF-GC via the portal vein (Table 1 ). The average GC activity in the liver of untreated wild-type mice liver was 139.8±8.9 U/mg protein. Mice that received rAAV-EF-GC vector by the portal vein showed liver activity of 224.5±19.7 U/mg protein (1.6 times that of untreated mice) at 2 weeks and 275.2±55.5 U/mg protein (2.0 times that of untreated mice) at 6 weeks after treatment. Increased GC activity persisted over 20 weeks (208.6±24.4 U/mg protein, 1.5 times that of untreated mice). In spleen and lung, GC activity was significantly higher in the treated than in the untreated mice. In other organs, no significant increase of GC activity was ob- Fig. 3 Endocytosis of glucocerebrosidase (GC) released from Gaucher fibroblasts transduced with rAAV-EF-GC into recipient cell. The GC activities were means ± SD (n=3). Open bar untreated cell, black bar transduced with rAAV-EF-GC, hatched bar recipient cells after cultured with media from transduced Gaucher fibroblast, stippled bar recipient cells after cultured with media from transduced Gaucher fibroblast and 5 mM mannose 6-phosphate Fig. 4a, b Tissue distribution of rAAV-EF-GC genome in transduced mice administered via the a portal vein and b tail vein. At 6 weeks after infusion, mice organs were separated and the DNA isolated. Using EF-promoter primer and human glucocerebrosidase (GC) primer, only virus vector-mediated genes were amplified. The ratios of viral genome per number of mouse cells were calculated with the right lanes of serially diluted pAAV-EF-GC-WPRE. Amounts of plasmid are presented as femtograms. C untransduced mice organ, GC mice organ transduced with rAAV-EF-GC served. rAAV-EF-EGFP was used as a control vector. To determine the GC expression of rAAV-EF-EGFP, we isolated various tissues (liver, spleen, heart, lung, kidney, brain) of transduced mice. GC activity was determined at 6 weeks after viral infusion via the portal vein. GC activity was not increased in mice treated with rAAV-EF-EGFP compared with activity in untreated mice (data not shown).
GC activity was determined in mouse serum and tissues at 2, 6, and 20 weeks after infusion of rAAV-EF-GC via the tail vein (Table 2) . GC activity in livers of mice that received rAAV-EF-GC vector was 221.8±10.1 U/mg protein at 2 weeks after treatment. This activity was 1.6 times that of untreated mice. At 6 weeks after infusion, GC activity in the liver was increased to 1.7 times that of untreated mice with this maintained to 20 weeks (1.4 times that of untreated mice). In the spleen, there was increased GC activity at 6 weeks (1.4 times that of untreated mice) and at 20 weeks (1.4 times that of untreated mice) after infusion. In the lung, GC activity was increased significantly at 6 weeks after treatment, 1.3 times that of untreated mice.
Discussion
Gaucher disease is a potential candidate for gene therapy. Genetically modified cells that express GC have been supposed to provide this essential housekeeping enzyme and cross-correct enzyme-deficient bystander cells. However, previous bone marrow transplantation studies for Gaucher disease did not bring positive prospect on this cross-correction effect. In human chimeras after bone marrow transplantation, there was only partial correction (Chan et al. 1994; Ringde´n et al. 1995) , and in murine chimeras, there was no evidence of mutual correction (Beutler et al. 2002) . Furthermore, previous gene therapy studies for Gaucher disease using retrovirus vectors have shown little progress because of low transduction efficiencies and limitations of application (Novelli and Barranger 2001) .
Unlike many lysosomal enzymes, the mannose lectin on cell membranes rather than the mannose 6-phosphate lectin appears to be primarily involved in the endocytosis of GC (Doebber et al. 1982) . GC obtained from human placental tissue or CHO cells does not have mannose 6-phosphate (Furbish et al. 1981; Takasaki et al. 1984) . This result suggests that posttranscriptional glycosylation of GC can vary depending on the type of cell (Erickson et al. 1985) . In the present experiments, the ratios of transgene per liver cells was about 1·10 À2 , with GC activity increased 1.9 fold in the transduced mice liver compared with that of untreated mice. This means that continuously expressed GC in transduced cells can be secreted to bystander cells that preserve this received enzyme. There is currently no direct evidence that most liver cells transduced with rAAV vector have transduced GC; however, in vitro assay of endocytosis shows that transduced fibroblasts secret GC, and (Fig. 3) . Competition studies revealed that the addition of mannose 6-phosphate to the culture medium partially inhibited the uptake of secreted GC. We therefore deduce that GC secreted from transduced fibroblasts has some mannose 6-phosphate residues. Furthermore, we observed the secretion of expressed GC and reuptake by neighboring tissues when we injected rAAV-EF-GC into the liver via the portal vein. Transgene was expressed in the liver only (Fig. 4a) , but GC activities were significantly elevated in the spleen, lung, and bone marrow as well as in the liver (Table 1) . This phenomenon was also demonstrated in experiments using a recombinant lentivirus vector (Kim et al. 2004 ).
In a previous study, we demonstrated that a recombinant lentivirus can mediate efficient gene transfer for Gaucher disease (Kim et al. 2004) . Enzyme activity of mice livers that had been transduced with recombinant lentivirus were increased 3.5 fold at 2 weeks after hepatic portal vein administration and 1.9 fold at 8 weeks after tail vein infusion. Although GC activity in tissues transduced by rAAV vector infusion was lower than activity following recombinant lentivirus vectormediated gene transfer, these in vivo activities show the feasibility of rAAV-EF-GC in gene therapy. Specifically, for patients with Gaucher disease, raising GC activity to a level greater than 40% of normal would bring them into the heterozygous range, so they would be symptomfree (Beutler and Grabowski 2001) .
Instead of using adenovirus or lentivirus vector, using rAAV vector for gene therapy has many advantages. AAV can transduce both dividing and nondividing cells over a long period without considerable safety issues (Nakai et al. 2000) . It has been widely used for gene therapy studies in inherited diseases such as hemophilia B (Herzog et al. 1999) , muscular dystrophy (Wang et al. 2000) , and Fabry disease (Jung et al. 2001 ) with promising results.
It is also important to determine whether enzymes expressed by recombinant viral vector-mediated gene transfer could localize to the Kupffer cells. Marshall et al. showed that GC produced by adenovirus vector-mediated gene transfer has the ability to localize to Kupffer cells and exhibits a longer half-life than the modified enzyme (Marshall et al. 2002) . The GC expressed by rAAVmediated gene transfer could be a useful therapeutic approach for patients with Gaucher disease.
In this study, we demonstrated that rAAV-mediated gene transfer successfully delivered the human GC gene into human fibroblasts and mice and induced high levels of GC expression over 12 weeks in vitro and 20 weeks in vivo. Although we observed stable expression over a 12-week in vitro study, the mechanism of stable expression of transduced rAAV was unclear. Nakai et al. reported that transduced rAAV existed as not-integrated extrachromosomal form in the liver (Nakai et al. 2001 ). However, the rAAV genome also preferentially integrated into chromosomal DNA (Nakai et al. 2003) . Further studies should be conducted for elucidating (Sarkar et al. 2004 ). Pseudotyped AAV vector 2/8, AAV 2 genome packaged into AAV 8 capsid, could be considered to obtain highest expression levels of GC in the liver. Evaluation of in vivo approaches to Gaucher disease therapy has been hindered by the lack of a viable animal model (Tybulewiez et al. 1992; Liu et al. 1998) . However, in this study, wild-type C57BL/6J mice showed an increase of GC activity that was within the therapeutic range. The generation of a viable mouse model of Gaucher disease has been reported very recently (Xu et al. 2003 ); this mouse model will likely be useful for demonstration of inhibited accumulation of glucocerebroside by rAAV-EF-GC vector-mediated gene therapy.
